Abstract: Syngnathus abaster is a euryhaline pipefish distributed in the Mediterranean, Black Sea, and the north-eastern Atlantic. Although its populations are characterised by high morphological plasticity, neither congruent information about the morphological differentiation of S. abaster populations from the Mediterranean lagoons is available, nor population genetic surveys have been so far performed. In this context, the aims of our study were as follow: i) to describe the variation at nine meristic characters of S. abaster from two western Mediterranean brackish-water areas: the Tunis north lagoon (Tunisia) and the Mauguio lagoon (France); ii) to analyse sequences of four mitochondrial DNA regions in order to evaluate the occurrence of genetic variation between the two areas, if any. The morphological survey revealed a subdivision into two distinct groups: the first included the Tunisian specimens, the second the French ones. Genetic analysis evidenced the occurrence of a sharp genetic structuring with high levels of genetic differentiation between Tunisian and French S. abaster populations. Results suggest that the evolutionary forces driven by the different biogeographical and ecological conditions of the two Mediterranean brackish-water areas have boosted the morphological and genetic divergence of the populations here analysed. The scarce potential of long-distance dispersal of S. abaster may have also enhanced the divergence retrieved.
Introduction
The appreciation of the population structure of brackish-water species is fundamental for the comprehension of the evolutionary mechanisms that are determined by the features of such environments (e.g., Cognetti & Maltagliati 2000) . Actually, brackish-water habitats, more or less connected to the open sea, are exposed to wide variations of physico-chemical parameters due to natural as well as human-induced events (Peres 1967; Cognetti 1994) , which can play a crucial role from the community to individual level (Cognetti 1994; Cognetti & Maltagliati 2000) . These factors (such as temperature, salinity and dissolved oxygen) in association with geographical discontinuity and evolutionary forces that operate in such environments (i.e., genetic drift, inbreeding, founder effect) often affect the morphology of brackish-water organisms (Bailey & Gosline 1955; Al-Hassan 1987; Trabelsi et al. 2004 ) and may also lead populations to diverge genetically (Hartl & Clark 1997) . Indeed, high degrees of isolation among species inhabiting brackish-water environments may result in a correspondently marked genetic structuring (e.g., Parenti & Tigano 1993; Maltagliati 1999; Ferrito et al. 2003 ) that may raise concerns about the conservation of populations living in fragmented habitats.
The black-striped pipefish, Syngnathus abaster Risso, 1827 is a small pipefish belonging to the family Syngnathidae (Teleostea), whose range of distribution includes the Mediterranean, the Black Sea, and the Atlantic coasts northward to southern Biscay (Tortonese 1970; Dawson 1986; Vitturi et al. 1998) . It is a very euryhaline species, occurring in either brackish or fresh waters (Cakic et al. 2002) , associated with vegetated habitats (Vizzini & Mazzola 2004) , at depths between 0.5 and 5 m. S. abaster is characterised by a short life cycle, with one or few reproductive seasons (Franzoi et al. 1993) .
Similar to other Mediterranean syngnathids, individuals of S. abaster from different populations show a high plasticity of body shape, due to the adaptability to different habitats and environmental conditions (Tortonese 1970) . Although significant differences in meristic characters have been found in populations of S. abaster from the Danube River, the Black and the Azov Seas (Movčan 1988; Cakic et al. 2002) , no congruent information about the morphological differentiation of S. abaster populations from the Mediterranean lagoons has been reported. Consistently, genetics of this species is so far poorly known (Chenoweth et al. 2002; Sanna et al. 2008; Wilson et al. 2003 Wilson et al. , 2006 Wilson et al. , 2010 . This fact highlights the importance to improve the knowledge of S. abaster that, although it lacks economic importance, is one of the few syngnathids included in the red lists of the European Council Directive 92/43 EEC on the Conservation of Natural Habitat and Wild Fauna and Flora (1992) and listed as "Least Concern", according to the IUCN Red List of Threatened Species (IUCN, 2010) .
Therefore we performed a survey on variation of morphological parameters of individuals of S. abaster from two distinct western Mediterranean brackishwater areas, with the aim of determining whether different ecological and biogeographical factors acting on these two far distant lagoons may have boosted meristic divergence of the pipefish populations. At the same time, a pilot study on the mitochondrial DNA (mtDNA) genetic variability was done on a subset of individuals, in order to survey the possible occurrence of genetic divergence between S. abaster populations from different lagoons.
Material and methods

Sampling sites
Overall 300 specimens of Syngnathus abaster were collected from the two different lagoons: from January to December 2007 in the Tunis north lagoon (100 specimens), and in July 2007 in the Mauguio lagoon (200 specimens) (Fig. 1) . Two different sites were sampled for morphological analysis in the Mauguio lagoon: Carnon (100 specimens) and Lunel (100 specimens) (Fig. 1 ). All individuals of S. abaster were caught using a drag net (2 mm mesh size) and preserved in 95% ethanol till examination.
The Tunis north lagoon is located between the town of Tunis and the Gulf of Tunis and connected to the Mediterranean by the Khereddine Canal. Sampling activity was performed in the northern part of the Tunis lagoon that is characterised by salinity ranging from 35.5% to 37.5% and temperature ranging from 20.7
• C to 21.4
• C (Diawara et al. 2008) . Fish were collected among vegetated areas of seagrass Ruppia cirrhosa and chlorophyte Chaetomorpha linum (Hayouni et al. 2010) .
The Mauguio lagoon is located in the Gulf of Lion (France), near Montpellier, and it is connected to the Mediterranean in its south-western part (Carnon) and to fresh waters in the north-eastern part (Lunel). A salinity gradient occurs from the south-west (37%) to the northeast (5 to 10%) (Quignard et al. 1983) ; water temperatures follow the air temperatures (5
Morphological analysis
Nine meristic characters, used as a rule to describe pipefish morphologically (Cakic et al. 2002; Ben Amor et al. 2007; Gürkan 2008) Multivariate Analysis of Variance (MANOVA) was performed using the software PAST (Hammer et al. 2001) , considering the three stations (Tunis north lagoon, Carnon and Lunel) as factor, with the aim to test the combined effects of the nine meristic characters if any differentiation occurs. One-way Analysis of Variance (ANOVA) was applied on each meristic variable to test the occurrence of statistically significant differences between populations, considering stations as the source of variation (Tunis north lagoon, Carnon and Lunel = 3 levels). Wherever this test has shown significant differences among groups, an a posteriori Duncan's test has been performed, setting at prescribed level of α = 0.05 to identify which groups differed significantly from the others. We furthermore used the Canonical Discriminant Analysis (CDA) (Fisher 1936) with the aim of identifying characters that were decisive in case of group distinction among the populations of S. abaster from Tunis north lagoon, Carnon and Lunel. We performed the CDA on the nine meristic characters evaluated from standardised discriminant coefficients, which allowed a graphic representation of the different samples in a plot defined by the various canonical variables, taken two by two. ANOVA and CDA were carried out using SAS statistical computing system (SAS Institute Inc. 1990).
Genetic analysis
A subset of 14 sequences belonging to four individuals from the Tunis north lagoon and ten individuals from Lunel site in the Mauguio lagoon were also genetically analysed using primers of four mtDNA regions (listed below), with the PCR and sequencing conditions, reported in Sanna et al. (2010) . The sequences obtained corresponded to: a 266 bp long portion of the 12S rDNA gene (12S) (Genbank accession numbers: JF306231-240, F306273-276); a 519 bp long portion of the 16S rDNA gene (16S) (Genbank accession numbers: JF306340-349, JF306382-385); a 476 bp long portion of the Cytochrome b gene (Cyt b) (Genbank accession numbers: JF306558-567, JF306600-603); and a 458 bp long portion of the second segment of the control region (D-loop II) (Genbank accession numbers: JF306449-458, JF306491-494).
Sequences were aligned using the software Clustal W Multiple alignment implemented in BioEdit 7.0.5.2 (Hall 1999) . The four regions analysed were tested for heterogeneity (Farris et al. 1995) by the partition-homogeneity test, implemented in PAUP*4.0b10 (Swofford 2003) .
The number of polymorphic sites (S), the number of haplotypes (H), estimates of haplotype diversity (h), and nucleotide diversity (π), were computed to characterize genetic variation among individuals, using the software DnaSP 5.10 (Rozas & Rozas 1999) .
Genetic relationships among individuals were inferred using the program Network 4.5.1.0 (www.fluxus-engineering. com) by means of the Median-Joining algorithm (Bandelt et al. 1999) , assigning the same weight to all the observed polymorphisms. Since Network analysis showed the occurrence of two main groups, a Neighbor Joining (NJ) analysis was also performed in order to test the statistical support of this separation, applying a bootstrap analysis with 5,000 replications. Nodes of the midpoint rooted NJ tree with bootstrap higher than 70% were considered highly supported. For this analysis we use the software Mega 5 (Tamura et al. 2011) , using the Maximum Composite Likelihood as substitution model and uniform rates of substitutions.
The analysis of molecular variance (AMOVA) was performed using the package Arlequin 3.5.1.2 (Excoffier & Lischer 2010) , in order to test the occurrence of significant genetic structuring between French and Tunisian samples. Furthermore, based on Tamura & Nei (1993) genetic distances, pairwise ΦST values, were calculated (after a 1,000 random permutations test) on those groups, using the gamma value (γ = 0.1410) obtained in JModeltest 0.1.1 (Posada 2008 ) from the pooled sequences dataset.
Results
Biometric analysis
Results of the counts of meristic characters are given in Table 1 . In comparison of the three sites (Tunis north lagoon, Carnon and Lunel), the MANOVA results were consistent in evidencing a significant intersample variation (Wilks' lambda Λ = 0.1407, P = 0.000), which indicates heterogeneity of the data among samples.
The ANOVA showed highly significant difference (P < 0.001) in 8 out of 9 meristic characters (Table 2) and the Duncan's test (Table 1) consistently showed three separate groups, corresponding to Tunis north lagoon, Carnon and Lunel, being significantly different for the characters R.D., R.P., A.PRE.D., A.POST.D., A.PRE.A., and A.POST.A. Two separate groups have also been recognised for the character R.C.: i) individuals from Tunis north lagoon and Carnon; ii) individuals from Lunel.
According to the CDA results, the first two axes explained 100% of the total variation ( Fig. 2 and Table 3 ): i) the first component (axis 1) with 89.37% of inertia was defined by six parameters, three (R.D., A.POST.D, and A.POST.A.) of which were positively positioned, and three (R.P., A.PRE.A., and A.PRE.D.) of which were negatively positioned; ii) the second component (axis 2), with 10.63% of inertia, was defined by two parameters: A.SOUS.D., which contributed positively and R.C., which contributed negatively. Ordination of axes 1-2 (Fig. 2) showed a rough distinction between Table 3 for the values of the parameters on the axes. T: Tunis north lagoon, C: Carnon, L: Lunel. Explanations: In bold are given the biggest absolute values of each parameter which significantly define the axes CAN 1 or CAN 2. Positive values significantly define parameters positively positioned, the negative ones representing parameters negatively positioned (see also Fig. 2 ). for parameters defining the positive part of the same axis; ii) conversely, the French group with Carnon and Lunel gave specifically the highest values of individual parameters, which define the positive part of axis 1, that is R.D., A.POST.D. and A.POST.A., and the lowest values which define this axis negatively. The projection of the canonical variables (Fig. 2) pointed out a weak distinction within the French populations on the axis 2, showing for Carnon group higher values for the parameter that define the negative part of axis 2 (R.C.) and lower values for the parameter which define the positive part of this axis (A.SOUS.D.).
Mitochondrial DNA surveys
The partition-homogeneity test did not show significant heterogeneity (P = 0.68) among the mitochondrial fragments analysed, therefore the four regions were combined (following the order: 12S, 16S, Cyt b, D-loop II) in a resultant total length sequence of 1719 bp (including one indel), with 94 polymorphic sites, 79 of which were parsimony-informative. No haplotype was shared among Tunisian (Tunisian north lagoon) and French (Lunel site in the Mauguio lagoon) areas, and a single haplotype was not unique being shared by four French individuals. Indices of genetic diversity were reported in Table 4 . The network (Fig. 3) evidenced the occurrence of two highly divergent groups (separated by 70 nucleotidic changes), which correspond to French and Tunisian samples. NJ tree (Fig. 4) was consistent in defining the separation between Tunisian and French samples, whose clusters were supported by the highest bootstrap values (100%). The AMOVA evidenced a percentage of variation between populations (92.79%) higher than within populations (7.21%), and a statistically significant (P = 0.00195) value of Φ ST (0.92789) between Tunisian and French populations.
Discussion
Results obtained by the analysis of meristic parameters evidenced the overall heterogeneity of the samples analysed and the high discriminating value of six characters (R.D., R.P., A.PRE.D., A.POST.D., A.PRE.A., and A.POST.A.), which distinguished at least two very differentiated groups of Syngnathus abaster, corresponding to Tunisian and French samples. Accordingly, the lack of haplotype sharing between Tunisian and French samples further confirmed the occurrence of two highly divergent and isolated groups, which gives a hint of an evolutionary scenario of high genetic variability and private population dynamics for the two brackish-water populations of S. abaster. Noteworthy, the meristic and genetic divergence between Tunisian and French samples of S. abaster is similar to those evidenced for the fish with reduced dispersal capability, Atherina lagunae (Trabelsi, Faure, Quignard, Boussaďd, Focant et Mâamouri, 2002) , in populations from France (Thau, Mauguio and Biguglia lagoons) and Tunisia (Tunis north lagoon).
As evidenced in several species of fish (Bailey & Gosline 1955; Movčan 1988; Wallace 1973; Tudela 1999; Barriga-Sosa et al. 2004; Franičević et al. 2005; Lawson 2010) , it is possible that the observed meristic variations between Tunisian and French populations of S. abaster may have been induced by the different parameters of the two habitats, especially temperature and salinity. Further, the occurrence of meristic divergence also between Carnon and Lunel that are mainly characterised by high differences in the level of salinity, supports the hypothesis of the high sensitivity of this species to environmental changes even in populations belonging to a single lagoon.
The ecological parameters and the rapid environmental changes typical of brackish-water habitats, may have also acted in promoting the genetic divergence of S. abaster in the areas analysed. Such evidence may be explained by the occurrence of repeated founder events and bottlenecks followed by re-expansion (Slatkin & Hudson 1991; Fu 1997) . Furthermore, the occurrence of differentiated populations is often related to the dispersal capabilities of the species (Cognetti & Maltagliati 2000; Bilton et al. 2002) . In this context, the peculiar mating system of pipefish (Wilson et al. 2003) , which prevents dispersion in the water column of gametes and fertilised eggs; the parental care carried out by the male, which breeds offsprings; and the weak swimming capability of S. abaster adults may account for the high genetic diversity found at the interpopulation level. Even the possibility for juveniles to be spread accidentally by currents in the water column by means of passive transportation should be discarded as effective medium for dispersal, due the behaviour of juveniles to occupy the bottom of the water column after birth (Silva et al. 2006) . A low potential for dispersal may also enhance dramatically the perception of a species to barriers (geographical, biogeographical, ecological) (Baus et al. 2005) , particularly in organisms living in fragmented habitats ; different studies (see Mejri et al. 2009 and references therein) have found evidences of population genetic structuring in relation to the presence of straits and passages in the Mediterranean.
On the whole, the occurrence of the morphological and genetic divergence found in the populations of S. abaster here analysed may be ascribed to a complex combination of biogeographical and ecological components. In particular, the effect of geographic separation affected the genetic variability of populations by means of reduced gene flow mainly due to the very low potential of dispersal, while selective forces driven by ecological processes in situ have magnified the genetic structuring developed by geographic distances.
In the future it would be advisable to compare mtDNA data with meristic data in an enlarged number of populations of S. abaster, in order to better understand whether morphological differences among localities are short-term effects due to difference in, for example, substrate preference and/or predator-induced morphology (see Maltagliati et al. 2003 and references therein), or are related to a long-term genetic differentiation. Furthermore, genetic studies using molecular markers able to detect higher level of genetic variability than mtDNA at very small geographic scale (such as multilocus nuclear markers) (see, e.g., Maltagliati et al. 2003) , could also clarify whether the morphological differentiation observed between Carnon and Lunel (Mauguio lagoon) corresponds to a within-lagoon genetic differentiation.
